We study graphene synthesis in a plasma-jet reactor. Graphene is obtained via decomposition of hydrocarbons in the plasma produced in the DC plasma torch. The products of synthesis are characterized using the following methods: electron microscopy, Raman spectroscopy, X-ray diffraction and X-ray photoelectron spectroscopy, thermal analysis and express-gravimetry. We make the conclusion that, at the few-layer graphene samples, their hydrogenation takes place. The maximal hydrogen-to-carbon ratio was 1:4.
Introduction
Graphene is a single layer of carbon atoms arranged in a hexagonal lattice and graphane is the hydrogenated graphene where each carbon atom is covalently connected with the hydrogen atom in the CH stoichiometry [1] . Here, the sp 3 -hybridized carbon atoms shift up or down from the planes; according to the calculations in [1] , it is an energy-profitable system. The theoretically proposed models of the graphane structure are only partly confirmed theoretically [2] . In the conditions of wide investigations of potential graphane applications to the particular problems in various fields of technology, science, and industry, primarily for the hydrogen storage [1] or in precise devices [3] or solar batteries [4] , the search for optimal graphene synthetic methods becomes especially urgent.
Recently, hydrogenated graphene structures were obtained, with the different hydrogen-to carbon stoichiometry depending on the production method. The methods based on application of low or high pressure the hydrogen containing gas medium result in lower sample saturation by hydrogen than the liquid-phase methods based on the modified Birch method [5] [6] [7] [8] [9] . Authors [10] used the scaled electrochemical approach to obtain the hydrogenated graphene from the solvated NR (4+) graphite. Yet, currently, totally hydrogenated graphene is still not synthesized. Even in order to obtain the graphene with various hydrogenation degree, at least two or more stages are required. At the first stage, the initial material, graphene, is obtained using one of the known methods: adhesive tape, CVD, Hummers' method, or on the SiC surface. At the second stage, the hydrogenation itself proceeds by means of physical or chemical methods. In liquid-phase approaches, an additional stage of refinement from the undesirable medium admixtures, i.e. atoms, molecules, small atomic clusters, is needed.
Experimental setup and procedure
Earlier, we investigated the possibility of synthesizing free graphene by means of high-power plasma torch at the pressure of 150 -710 Torr [11, 12] . Analysis of the processes in the carbon nucleation zone of the plasma jet generated by the plasma torch indicates high concentration of the atomic hydrogen and of the C 6 H 6 -like compounds; these substances, according to [13] [14] [15] [16] , might promote the graphene formation. Additionally, it is common knowledge that application of the DC plasma torches makes it possible to synthesize high-quality pure carbon nanomaterials from inexpensive precursors [17] , thus reducing the requirements to the carbon source, its cost and the final product cost. Authors [18] [19] [20] show that, with application of the plasma torches, high purity graphene might be obtained with controlled electronic properties.
The present work is aimed at experimental search to plasma-assisted synthesis of graphene with the attached hydrogen atoms. The plasma jets used here is the same one as in the work [21] . We performed decomposition of hydrocarbons in the thermal plasma jet up to the carbon vapor formation. Then we rapidly cooled the decomposition products of hydrocarbons in a vacuum chamber with the subsequent nucleation of solid carbon. We received synthesized products on the collector. Simultaneous input of the precursors (methane, propane-butane, acetylene) and the plasma-forming gas (helium) into the discharge gap of the plasma torch is an advantage of such method.
Here, we might independently vary the component ratio in the plasma jet within wide ranges. Besides, the extending anode channel -the constructive peculiarity of the plasma torch -makes it possible to widely vary the rate of the vapor-gas flow cooling, to change its geometry, and, in general, to control the process efficiency [22] . Table 1 presents the parameters of experiments on the hydrogenated graphene synthesis. The synthesis process duration equals to 6 min and is governed by the quantity of specimens required to investigate their properties. Total output of the carbon sediment collected on the target varies from 6 g to 10 g (99 wt. %). We measured the temperature in the zone of carbon vapor condensation and formation of graphene and graphane by the chromel-alumel thermocouple. Depending on the experimental conditions, the temperature on the collector surface was varied from 500 -700
• C. This temperature range is optimal to obtain the hydrogenated graphene [23] .
The samples synthesized in the plasma jet volume were characterized by means of the standard methods of graphene materials investigation [7, 24, 25] . To provide the most accurate identification of the samples, we used a method of a scanning electron microscopy (SEM) with a Hitachi S5500 microscope in the DF-STEM, BF-STEM and SE modes and a Raman spectroscopy study (Nectra Spectra, a laser with a wavelength of 532 nm). To quantitatively investigate the element composition and the electron state of the atoms, we used the X-ray photoelectron spectroscopy (XRPS) -the measurements were performed at the room temperature by means of the Theta Probe (ThermoFisher Scientific, GB) spectrometer: we took the Al K-a emission without using the system of the surface charging neutralization. To determine the element composition, we applied the vario MICRO cube express-gravimetry method. The phase composition of the synthesized samples was investigated by the thermal methods (thermogravimetry and differentially-scanning calorimetry), under linear heating with a rate of 10 K/min, under argon atmosphere, by means of the Netzsch (STA 409, PC Luxx) device. The X-ray structure analysis was performed using the standard technique and the DRON-2 facility (CuKα-emission). We obtained the X-ray diffraction spectra from the basic surfaces of the samples.
Results of experiments
The electron microscopy results confirm the possibility of graphene hydrogenation at its synthesis. Fig. 1 shows the typical SEM images of the hydrogenated graphene structures obtained via decomposition of methane and acetylene in the helium plasma at 350 Torr and at the maximal consumption (0.16 -0.37 g/s), Tab. 1. In morphology, these structures are identical with the structures synthesized, with plasma application, in the experiments [20] . The samples represent the disoriented flakes, differing in the edge morphology and the lateral sizes (with sufficient scattering -from below 3 nm to above 1.5 µm). The X-ray analysis of the flakes shows that the spectrum of a typical sample contains two weak halos. The first of them is in the Bragg angle range 2θ = 11 -120 and can belong to any hydrocarbon phase. The maximum intensity of this halo corresponds to the interplanar distance d = 0.7694 nm. The second halo is located in the area of angles 2θ = 24 -280. The maximum intensity of this halo corresponds to the interplanar spacing d = 0.3401 nm. Study of morphology shows that the sample surface is wavy. Fig. 1 shows that the areas with swelling (covering not only the surface layer but also the next ones) rise above the waves. The swelling has a rhomboid shape which, as a rule, forms when a gas fills the layered structures. The rhomb angle equals to 120
• -typical for the crystal structure rather than for amorphous carbon. The swellings on the graphene surface are distributed irregularly. That very swelling effect was previously observed when studying the morphology of the pyrolytic graphite surface after the impact by the hydrogen flow [26] .
The thermal sample analysis data concerning the hydrogen output are in agreement with the results obtained earlier in the works on the hydrogen desorption from both graphite [27] and graphene [24] . Fig. 2 shows an example of thermogram of the samples synthesized via the methane decomposition in the helium plasma at • C and continues up to above 1000
• C. In the desorption curves, two desorption peaks are observed. Depending on the precursor type, the maximum falls on the temperature ranges of 300 -400
• C and 800 -900
The XPS spectra also confirmed obtainment of graphane. Fig. 3 shows the high-resolution C1s spectra for the specimen obtained via the propane-butane mixture decomposition in the helium plasma at 710 Torr and the highly-oriented pyrolitic graphite (HOPG) measured at two angles against the normal to the surface. The spectra differ in the width of the main peak because of the specimen non-uniformity caused by the presence of the different size particles and the defects which is consistent with the work [28] . The difference in the spectra within the lower binding energy region indicates different conductivity caused, possibly, by the presence of the C-H bonds -this fact is in agreement with results [24] .
By means of the direct express-gravimetry method, we determine the C:H content ratio in the samples. The minimal quantity of the hydrogen atoms per a single carbon atom equals to 0.017. This value was obtained when methane was used as the precursor. At the propane-butane mixture decomposition (with the flow rate of 0.37 g/s), in the helium plasma (710 Torr), with variation of the gas flow velocities, we obtained the hydrogen-to-carbon ratio of 1:4. The Raman-spectroscopic investigation of the samples also confirmed formation of graphane. Fig. 4 shows the Raman-spectrum of the samples synthesized from the propane-butane mixture in the helium plasma at different temperature on the collector surface [29] . These results respect to the Raman-spectrum of the single-layer graphene obtained via mechanical exfoliation (the adhesive tape) [24] . In Fig. 4, the D Comparison of the C 1s photoelectron spectra of the sample and of the HOPG measured at the various angles against the normal to the sample surface morphology peculiarity of the structures, flakes with the fold edges. Certain discrepancy with the literary data is caused by application of the different lasers for excitement of the spectra -this fact is confirmed by the analysis in [30] . Figure 4 shows a typical spectrum of the hydrogenated graphene [31] [32] [33] [34] . Note that the intensity shift of the breathing modes to the higher frequencies takes place; respectively, the D, G, and 2D peaks move up to 1350 cm −1 , 1580 −1 , and 2690 cm −1 . Analysis of shape of the 2D peaks shows that the samples are two-layered. According to [35] , the highest possibility of hydrogenation with respect to that, vary the bilayer graphene. Measurements of the electrical conductivity of synthesized hydrogenated graphene from 10 -50
• C using the classical four-probe method for bulk materials correlate with the data of [7] and correspond to the classical temperature dependence for a semiconductor. The band gap energy (equal to 0.22 eV) confirms their semiconductorlike character.
Conclusions
We demonstrate the possibility of synthesizing hydrogenated graphene structures in plasma jets. Their characterization by Raman spectroscopy, the XPS, the express-gravimetry and the thermal analysis methods shows that their properties are close to the properties of the hydrogenated single-layered graphene, both on the substrates and in the liquid media. We state the correlation between the degree of hydrogenation and the synthesis conditions. The hydrogen content depends on the synthesis conditions.
